Margarite is recorded here for the first time in the alteration zones (blackwall) of ultramafic rocks. The mineral occurs in metasomatized metapyroxenites (chloritites) of the Barramiya area in the central Eastern Desert of Egypt. These metapyroxenites belong to the Neoproterozoic Pan-African mélange of northeast Africa. Two sub-types of chloritites are distinguished, namely margarite-free and margarite-bearing chloritites. Margarite is only found in the metapyroxenites when they are in direct contact with the mélange metadiabases. Margarite is considered here as a metasomatic mineral resulting from the addition of both Ca 2+ and Al 3+ from the juxtaposing metadiabases. This is also accompanied by Fe-Mg substitution causing the conversion of the coexisting chlorite species from sheridanite to ripidolite. Also, extensive alteration of ilmenite to rutile is observed. The formation of post-kinematic margarite followed the event of chloritization but it is contemporaneous with the appearance of andalusite (chiastolite) in the matrix metapelites due to the intrusion of within-plate granites (GII). The assemblage margarite-ripidoliterutile-ilmenite is free of quartz and plagioclase and hence its formation characterizes very low silica activity (µ SiO2 ) in the system. It is suggested that the stability limits of the mineral in this case are within the temperature range of 355-405ºC at 1-3 kbar.
Introduction
Detailed field and laboratory work revealed that Cabearing brittle mica (margarite) occurs in the metasomatised ophiolitic metapyroxenite blocks of Barramiya area in the central Eastern Desert of Egypt. In this locality, as well as in many other localities in the central and southern Eastern Desert, the metapyroxenites are altered to chloritites at their peripheral parts as a part of the so-called "blackwall". The present work is the first record of margarite in the Precambrian crystalline rocks of Egypt, and as far as the authors aware, it is the first world occurrence of the mineral in metapyroxenite. Despite of its classification as a rock-forming mineral (Frey & Niggli, 1972) , occurrence of margarite in natural mineral assemblages is confined to limited examples of lithologies such as metapelites (Thompson, 1972; Höck, 1974; Leclair, 1982; Frey et al., 1982) , metamarls (Jensen, 1977; Labotaka, 1980) , metabasites (Ackermand & Morteani, 1973) , hornblendites and metaanorthosites (Gibson, 1979) and in metabauxites (Aoki & Shimada, 1965; Jensen, 1977) . Microinclusions of margarite in garnet porphyrobalasts in graphitic metapelites are also recorded (Kohn & Spear, 1993; Connolly et al., 1994) . In many instances, margarite has been recorded as a pseudomorphic mineral after kyanite (Baltatzis & Katagas, 1981) and andalusite (Guidotti et al., 1979) , or after corundum (Jan et al., 1971) . In many of these cases, the host rocks are already rich in calcium and aluminium that are necessary for the formation of margarite.
The Barramiya area is occupied by Late Proterozoic basement rocks that comprise both ophiolitic and intrusive rocks. The area is characterized by the presence of two mountainous masses of ophiolitic serpentinites in the form of thrust nappe(s), namely Umm Salim and Umm Salatit ranges trending nearly E-W (Fig. 1) . Metapyroxenites (actinolite-tremolite rocks) usually occur as pockets or dykelike bodies within the mesh-textured serpentinites that were considered ophiolitic for the first time by Rittman (1958) . The mélange matrix is mostly composed of metasediments (metamudstone, graphitic phyllites and schists, chlorite schist and quartz-biotite schist). The pelitic rocks contain small pebbles of metaultramafites and no fresh ultramafic relics are found. During the last two decades, all investigators treated these rocks within the framework of platetectonics and affiliated them to the Neoproterozoic Pan-African ophiolite suites of northeast Africa and the Arabian Peninsula (e.g. Abdel Khalek, 1979; Shackleton et al., 1980; Surour, 1990) . In addition to the ultramafics, the ophiolitic rocks of the Barramiya area also comprise metagabbros, metadiabases and ortho-amphibolite blocks. The metadiabases are also found in the form of disrupted dykes, all enclosed in the measedimentary mélange matrix. The intrusive rocks consist of two types of granitic rocks, namely subduction-related granitoids (GI) and within-plate granites (GII) as shown in Fig. 1. 
Methods and techniques
The studied samples were examined in both transmitted and reflected light in order to determine the textural relationships. XRF analyses were carried out in the EMPA station in Dübendorf, Switzerland. Electron microprobe analyses were conducted using a CAMECA Sx50 machine housed at the Institut für Mineralogie und Petrographie, ETH-Zürich. Natural and synthetic minerals were used as standards and the working conditions were 15 kV acceleration voltage and 20 nA sample current.
Geologic setting
The metamorphic history of Barramiya area is characterized by a low-pressure episode overprinting the greenschist facies regional metamorphism. Low-pressure metamorphism is indicated by the appearance of andalusite as a post-kinematic mineral in the graphitic metapelites (Hafez & El-Amin, 1985; Surour, 1990) . Metadiabases occur as stretched blocks and dykes cutting the ultramafic rocks and their alteration derivatives. Some of the metadiabases represent the cores of the so-called "zoned bodies" described by Shukri & Amin (1955) and Shukri &d Lotfi (1956) . These workers believed that the zoned association of antigorite, talc, tremolite and hornblende is developed as a result of metamorphic differentiation of the diabases. Figure 2 is a field sketch showing that margarite occurs only along the contact between the metapyroxenites and the metadiabases. The metadiabases show partial and/or complete transformation to ortho-amphibolites. The metaultramafites are occasionally represented by three types of chloritites (I, II & III) that were studied in detail by Takla et al. (1991) and Surour (1990 Surour ( & 1993 . Chloritite II is of particular interest here because it is affiliated to the metapyroxenites that contain margarite. The metapyroxenite assemblages comprise tremolite-actinolite, ilmenite (replaced by rutile and titanite) and traces of pyrite. Later 
Mineralogy and textural relationships
Based on its mineral composition, chloritite II of the present study is sub-divided into two sub-types, one is margarite-free and the other is margarite-bearing. In the margarite-free sub-type, the assemblage chlorite-ilmenitetitanite dominates. Sometimes, some apatite and zircon are also observed. Almost in all cases, the rock is coarsegrained with distinct interlocked fabrics (Fig. 3a) . Kinking of some chlorite flakes is a common feature (Fig. 3b) . When apatite exists, it occurs as euhedral crystals. Ilmenite is the dominant opaque phase occurring as euhedral to subhedral crystals with alteration to titanite. The transformation of amphiboles to chlorite liberates Ca 2+ to form titanite at the expense of ilmenite. Due to some nearby granitic intrusions, ilmenite is sometimes recrystallized into homogeneous crystals with amoeba-like inclusions of chlorite similar to that recorded by Takla et al. (1991) .
Modal abundance of margarite in the margarite-bearing sub-type lies in the range of 30-60 %. Texturally, it is evident that margarite replaces chlorite indicating that its formation post-dates the event of chloritization. There are some textural modifications that accompany the formation of margarite. The rock becomes medium-grained, in which margarite is embedded in a matrix of finer chlorite flakes (Fig. 3c) . Margarite is usually colourless exhibiting its characteristic deformation as a brittle mica (Fig. 3c) . Some flaky aggregates of margarite (cut parallel to their c-axes) appear as prismatic crystals. Some other crystals are interpenetrated forming cruciform crystals (Fig. 3d) . Similar to the margarite-free sub-type, apatite is also recorded but titanite is completely absent. Instead of titanite, rutile appears extensively replacing ilmenite. All the studied margarite-bearing samples are characterized by the assemblage chlorite-margarite-rutile-ilmenite.
X-ray diffraction patterns of the margarite-chlorite pairs are presented in Fig. 4 . The present work is in agreement with Velde (1971) that the diagnostic (060) reflection of margarite occurs at 2θ not lower than 63. Such reflection of the present Egyptian margarite occurs at 2θ = 63.16-63.30. Table 1 gives the bulk composition of both sub-types of chloritite II. Trace element composition of Cr (284-693 ppm), Ni (104-276 ppm) and Sc (46-95 ppm) also supports their derivation from pyroxenite precursor. Chloritites I & III have different abundances of these elements. Table 1 shows some significant differences between the two sub-types of chloritite II which reflect variation in the mineralogical composition as demonstrated above. First, the most diagnostic difference is the Ca content, which is much higher in the margarite-bearing sub-type (4.14-7.76 wt%) as compared to the margaritefree sub-type (0.34-0.61 wt%). Most of Ca 2+ is accommodated in the margarite structure. The margarite-bearing rocks are also more aluminous than the margarite-free samples (in the ranges of 25. 90-36.16 wt% and 20.48-20.78 wt% Al 2 O 3 , respectively). Margarite contains lesser OH -than chlorite, which is also reflected by the decrease of the loss on ignition (L.O.I.) from 9.68-10.94 wt% H 2 O and other gases to 6.30-7.83 wt%. This also indicates that the equilibria involving the margarite-chlorite pair inside the metapyroxenite alteration zones (blackwall) are more dehydrating than those involving chlorite alone. The distinct enrichment of CaO and Na 2 O in the margaritebearing samples is accompanied by an increase in both Ba and Sr concentrations (up to 72 ppm and 979 ppm, respectively) as compared to the value of <10 ppm and <15 ppm, respectively in the margarite-free samples. There is a remarkable enrichment of some LREEs (Ce up to 130 ppm and Nd up to 72 ppm ) in the margarite-bearing sub-type, whereas the margarite-free sub-type contains 17-29 ppm Ce and >25 ppm Nd.
Whole-rock geochemistry
From Table 1 , it is also clear that both P 2 O 5 and fluorine are remarkably higher in the margarite-bearing chloritite (0.67-140 wt% and 108-388 ppm, respectively) as compared to the chloritites containing no margarite which contain 0.15-0.21 wt% P 2 O 5 and <10 ppm fluorine. Surour (1993) documented the presence of P 2 O 5 volatile metasomatism in the ophiolitic ultramafics of Barramiya area.
Mineral chemistry A. Chlorite
Electron microprobe analyses of chlorite species are given in Table 2 . According to the nomenclature of chlorites of Foster (1962) that modifies the chlorite classification of Hey (1954) , chlorite from the margarite-free chloritite is typical sheridanite (Mg-rich) with MgO up to 27.31 wt% and FeO* up to 9.77 wt% (Fig. 5a ). On the other hand, chlorite co-existing with margarite is ripidolite (Mgand Fe-rich) with lower MgO (up to 17.34 wt%) and higher FeO* (up to 21.52 wt%). This observation is consistent with the lower octahedral occupancy of ripidolite and chamosite as suggested by Foster (1962) . Both the analyzed sheridanite and ripidolite plot in the field of IIbtype chlorites (Fig. 5b) where Fe 2+ is calculated assuming stoichiometry and R is equal to the rest divalent and trivalent cations in the octahedral sites. Both formulae are indication of the following substitutions: i) Tschermak's substitution of Al IV for Si 4+ is more common in ripidolite than in sheridanite, ii) octahedral substitution of Fe 2+ for Mg 2+ increases greatly in ripidolite, and iii) the rest of divalent and trivalent cations (R) in the octahedral sites are lower in sheridanite. Figure 6 shows that sheridanite in the margarite-free chloritite falls in the field of greenschist facies chlorites, while ripidolite from the assemblages that bear margarite falls in the field of amphibolite facies.
B) Margarite
The analyzed margarite is poor in K 2 O as indicated by its muscovite component that never exceeds 1.9 % Margarite in ultramafic alterations, Barramiya Area, Egypt 995 (Table 3) in consistence with natural margarite that never contains muscovite component >10 % (Ackermand & Morteani, 1973) . The most common substitution type in the Egyptian margarite is Na Si = Ca -1 Al -1 (Fig. 7 ) similar to that of the plagioclase series (see also Frey et al., 1982) . The margarite cores are enriched in Al, K and Na. . The increase of the paragonite component from rims to cores is also accompanied by a relative increase of the muscovite component. Al 2 O 3 is not constant in the single margarite crystal, but it increases relatively in the cores as both components of muscovite and paragonite in solid solution increase (Lin & Guggenheim, 1983) .
C) Ilmenite and rutile
Some representative analyses of ilmenite are given in Table 4 . Ilmenite contains considerable MnO (3.52-4.10 wt%) and little MgO (0.05-0.13 wt%).
Activity of components in the fluid and stability of the mineral assemblages
The present assemblage of margarite-ripidolite-rutileilmenite is free of quartz and anorthite indicating extremely low silica activity. Also, the activity of SiO 2 in the metasomatizing fluid must have been low. Any small change in the concentration of SiO 2 in the system would destabilize margarite. Velde (1971) considered this to be the reason of the relative rarity of the mineral in nature. Experimental studies of Velde (1971) suggest that the present quartz-free assemblage is confined to low-pressure conditions of 1-3 kbar.
For the present margarite-bearing assemblage, the thermodynamic aspects of Connolly (1990) were used in order to construct isopleths and stability limits of the assemblage in terms of the chemical potential of silica (µ SiO2 ) and the chemical composition of the margarite-ripidolite pair. An average pressure of 2 kbar was assumed and K 2 O was excluded from the system because of its very low concentration in ripidolite and the minimum muscovite component in the margarite itself. For the reaction: sphene (titanite)+chlorite = margarite+Ti-phase (Fig. 8) , equilibrium temperatures as low as 325ºC are confined to µ SiO2 between -900 and -880 kJ/mole. For the studied assemblage, the composition of ripidolite corresponds to X Mg between 0.35 and 0.45 which corresponds to X Ts = 0.76 and a resulting equilibrium temperature of 355ºC for the lower stability limit at µ SiO2 of -888 kJ/mole and an upper limit around 405ºC at S of -887.5 kJ/mole. The miscibility gap between the components of margarite and paragonite at these conditions lies at X margarite between 20 and 55. The solvus exists between 20 and 50 mole% margarite forming at temperatures around 400ºC. This is in agreement with the composition and upper stability limit of the Egyptian margarite.
Origin of margarite
Field and laboratory studies (XRD, XRF and electron microprobe) indicate some significant aspects of the newly recorded margarite occurrence. In the Barramiya area, chloritite II of the same metapyroxenite mass is either margarite-free or margarite-bearing (Fig. 2) . The latter subtype is always adjacent to the boudinaged metadiabases or the cores of the so-called "zoned bodies". The appearance of margarite in the metapyroxenite, in addition to chiastolitic andalusite in the mélange metasediments, is likely linked to a low-pressure metamorphic episode contemporaneous with the emplacements of the within-plate granites.
It is believed that margarite is formed by Ca-and Almetasomatism, and the source of both elements is the metadiabases. Ca 2+ results from the breakdown of Ca-bearing phases (mainly plagioclase and epidote). This also furnishes some Al 3+ which is also inherited in the chlorite structure in the metapyroxenites. No textural evidence that margarite in chloritite II is a pseudomorphic mineral. The suggested metasomatic event is accompanied by the normal ionic substitution of Fe 2+ for Mg 2+ in the coexisting chlorite causing its conversion from sheridanite to ripidolite. The present study reveals the mobility of LREEs in the pore fluids in such metasomatic ultramafic systems. Surour (1990 Surour ( , 1993 indicated that Ce is common either in chloritized or non-chloritized metapyroxenites in the Eastern Desert of Egypt. He (op. cit.) concluded that Ce is accumulated in the residual ultramafic melt after the crystallization of both dunites and peridotites as the conditions become more reducing (see also Henderson, 1984) .
Some workers believe that margarite is a good geobarometer at pressure as low as 4 kbar (e.g. Bucher- Nurminen et al., 1983) . Absence of preferred orientation of the Egyptian margarite gives an indication of formation during the waning stage of the Pan-African orogeny. Teale (1979) reached similar conclusion for margarite from Olary Province in south Australia. Mineral chemistry of the margarite-bearing assemblages (also containing ripidolite and rutile) from the Barramiya area as well as their calculated stability limits suggest that the conditions of formation were at higher temperature than those of the greenschist facies margarite-free assemblages (sheridaniteilmenite-titanite). The increase of temperature also causes the extensive alteration of ilmenite to rutile.
In summary, the study of margarite in its new occurrence at Barramiya area, Egypt reveals that the mineral is confined to the metasomatized metapyroxenites that practiced considerable chloritization during the late stages of ophiolite formation. The microtextural evidence indicate that margarite in this case is a post-kinematic mineral and is connected to the intrusion of within-plate granites that acted as heat engine for the ophiolitic stuff. The silica activity diagram suggests that the mineral is characteristic for low silica metamorphic assemblage as indicated by the absence of both quartz and anorthite. Fig. 8 . The calculated silica activity ( µ SiO2 ) and stability limits of the studied assemblage of margarite-chlorite (ripidolite)-rutile-ilmenite. The dashed lines represent the Mg-isopleths of chlorite with different contents of magnesium and iron. The shaded area represents the range of margarite in the Barramiya occurrence. Abbreviations of minerals are as follows: an = anorthite, cor = corundum, and = andalusite, ma = margarite, sph = sphene (titanaite), chl = chlorite, fctd = Fe-chloritoid, cz = clinozoisite, dia = diaspore.
